Introduction
============

Inflammatory bowel disease (IBD), which primarily includes ulcerative colitis (UC) and Crohn\'s disease (CD), is a group of autoimmune diseases that are characterized by inflammation of both the small and large intestine; in IBD, elements of the digestive system are attacked by the body\'s own immune system^[@bib1]^. Anti-inflammatory and immunosuppressant drugs are commonly used to treat IBD. In addition, infliximab, a chimeric monoclonal antibody against tumor necrosis factor alpha (TNF-α), has therapeutic benefit in patients who have failed conventional therapy and who are hospitalized with severe IBD^[@bib2]^. Despite the advances in the treatment of IBD, a lack of efficacious therapies remains, and the currently available therapies are associated with side effects such as headache, diarrhea, and nausea, which can reduce patient compliance and thereby exacerbate the condition^[@bib1]^.

MSCs are adult somatic cells that have the potential to differentiate along the osteogenic, chondrogenic, and adipogenic lineages both *in vitro* and *in vivo*. In addition, MSCs exert anti-inflammatory activity by suppressing activated T cell proliferation and cytokine production, skewing macrophages toward the immunosuppressive M2 phenotype, preventing respiratory bursts from neutrophils, and inhibiting the activation of dendritic cells (DCs), natural killer cells (NKs) and mast cells^[@bib3]^. Therefore, much research has examined the therapeutic efficacy of MSCs on inflammation-induced tissue injury, including IBD. However, the success of MSC-based therapy is limited in IBD. For example, the therapeutic efficacy of MSCs in animal models of colitis had to be further improved via multiple injections, anti-addressin antibody coating or IFN-γ pretreatment^[@bib4],[@bib5],[@bib6]^. In clinical trials, the results of MSC therapy for fistulizing CD and luminal CD have been inconsistent, and further research is necessary to improve the efficacy of MSC therapy^[@bib7]^. Genetic modification of MSCs using viral vectors is one option to improve their therapeutic potential.

IL-37 (formerly named IL-1F7) is the most recently identified member of the IL-1 family. Currently, IL-37 has been identified only in certain types of human cells, and a mouse homolog has not been identified. IL-37b is the best characterized isoform of the various splice variants of IL-37^[@bib8]^. IL-37b exhibits potent immunosuppressive functions against both innate and adaptive immunity. The expression of IL-37b in macrophages or epithelial cells almost completely suppresses the production of proinflammatory cytokines^[@bib9],[@bib10]^. Mice that transgenically express human IL-37b are protected from lipopolysaccharide (LPS)-induced septic shock and dextran sulfate sodium-induced colitis through the inhibition of DCs activation and the downregulation of circulating and tissue cytokines^[@bib10],[@bib11]^. In addition, the transgenic expression of IL-37b suppresses skin contact hypersensitivity to dinitrofluorobenzene by impairing the activation of effector T cell responses and inducing Tregs^[@bib12]^. Recombinant IL-37b represses proinflammatory cytokine and chemokine production, neutrophil infiltration and cellular apoptosis, thus protecting mice against hepatic and myocardial ischemia/reperfusion injury^[@bib13],[@bib14]^. The administration of IL-37b plasmid DNA reduces local and systemic inflammation in a mouse model of Con A-induced hepatitis and psoriasis by downregulating proinflammatory cytokines^[@bib15],[@bib16]^.

Given the potent immunosuppressive functions of IL-37b, we aimed to determine whether IL-37b gene transfer could augment the therapeutic efficacy of MSCs in DSS-induced colitis, which is one of the most widely used chemically induced models of IBD. This study demonstrates that the intraperitoneal administration of MSC-IL-37b reduced the incidence of clinically severe DSS-induced colitis to a greater extent than MSCs alone. The frequencies of both Tregs and MDSCs among splenic mononuclear cells were significantly upregulated in mice treated with MSC-IL-37b. Moreover, in splenic CD4^+^ T cells in the MSC-IL-37b group, the expression of the pro-inflammatory cytokine IFN-γ was reduced, and the expression of the anti-inflammatory cytokine IL-2 was increased. These results indicate that IL-37b gene transfer may be an alternative method for improving the therapeutic efficacy of MSCs in colitis and confirm the protective role of IL-37b in inflammatory disorders.

Materials and methods
=====================

UC tissue samples
-----------------

The ethics committee of the General Hospital of Tianjin Medical University approved this project. The diagnosis of UC was based on conventional clinical and endoscopic criteria. The clinical activity was determined according to the colitis activity index for UC^[@bib17]^. All the patients were treated with salicylates, but none of the patients received treatment with corticosteroids or azathioprine before the biopsied specimens were obtained.

For the RT-PCR analysis of IL-37 mRNA expression in affected colon tissues, biopsied specimens were obtained from 9 patients with active UC who were undergoing an endoscopic examination; informed consent was obtained from all these patients. Normal colorectal tissues were obtained by surgical resection of colon cancer at distal tumor sites (*n*=6). All the biopsied specimens were snap-frozen in liquid nitrogen and then transferred to -80 °C for storage until processing.

For the histological grading of H&E-stained sections and IL-37 immunohistochemistry, paraffin embedded tissues from 6 healthy subjects and 30 patients with active UC were obtained from the Department of Pathology of General Hospital of Tianjin Medical University. These patients underwent an endoscopic examination during the period from April 2013 to September 2013 when they were diagnosed with active UC. Paraffin-embedded tissues were cut into 3-μm sections that were used for H&E staining or immunohistochemistry.

Histological grading of the UC-affected colon tissues
-----------------------------------------------------

The H&E-stained sections were graded in a blinded fashion by two pathologists according to a scoring system modified from a previous study^[@bib18]^: grade 0, no neutrophils in the lamina propria (LP); grade I, a few neutrophils (\<10/HPF) in the LP with minimal infiltration of the crypts; grade II, prominent neutrophils (approximately 10--50/HPF) in the LP with infiltration of \>50% of the crypts; grade III, massive neutrophil deposition in the LP with crypt abscesses; and grade IV, florid acute inflammation with ulceration.

Immunohistochemistry
--------------------

Immunohistochemical analyses were performed on the 3-μm paraffin sections using a previously published procedure with certain modifications^[@bib19]^. Briefly, after antigen retrieval, the sections were incubated at 4°C overnight with a rabbit anti-human IL-37 polyclonal antibody (1:300 dilution; Thermo Scientific, Rockford, USA) or with an anti-human IL-18 polyclonal antibody (1:250 dilution; Abcam, Cambridge, UK). Then, biotin-conjugated goat anti-rabbit IgG was applied to the sections for 30 min at 37 °C. Finally, 3,3′-diaminobenzidine tetrahydrochloride was used to visualize the staining, and hematoxylin was added for counterstaining.

MSC isolation from mouse compact bones and MSC culture
------------------------------------------------------

Mouse MSCs were isolated and cultured as previously described with minor modifications^[@bib20]^. Briefly, 2- to 3-week-old female C57BL/6 mice were euthanized, and the humeri, tibiae and femurs were carefully cut into chips of approximately 1--3 mm^3^ with scissors. The chips were digested with 1 mg/mL of collagenase II (Invitrogen, Carlsbad, USA) for 2 h at 37 °C with shaking at 200 r/min. The enzyme-treated bone chips were then seeded into a 25-cm^2^ plastic culture flask in the presence of 6 mL of complete media. The cells were used at passages 3--5 for experiments, unless otherwise specified.

Flow cytometric analysis
------------------------

Unless otherwise specified, the reagents and antibodies used in this study were purchased from eBioscience (San Diego, USA). For the MSC immunophenotypic analysis, cell surface molecules were stained using mouse anti-CD29, anti-CD44, anti-Sca-1, anti-CD45, and anti-CD31 antibodies. For the Treg analysis, the cell preparations were stained with anti-CD4 and anti-CD25 to analyze cell surface marker expression; subsequently, the cells were fixed and permeabilized with fixation-permeabilization buffers and then stained with anti-Foxp3. Tregs were sorted using antibodies against CD4 and CD25. MDSCs were analyzed or sorted using antibodies against CD11b and Gr-1. For intracellular cytokine staining (ICS), cells were stimulated for 6 h with phorbol 12-myristate 13-acetate (50 ng/mL) and ionomycin (500 ng/mL) in the presence of GolgiPlug (BD Pharmingen, San Diego, CA, USA). Then, cell surface molecules were stained using anti-CD4 and anti-CD8, and the cells were subsequently fixed and permeabilized with a Cytofix/Cytoperm Plus kit and stained with the following antibodies: anti-IL-2, anti-IL-4, anti-IL-17 and anti-IFN-γ. The Tregs, MDSC or ICS analyses were performed on cells derived from the spleens of mice in different groups at the end of the experiment. Tregs and MDSCs were sorted from cell populations derived from the spleens of wild-type C57BL/6 mice. For all of these assays, cells were incubated with antibodies for 40 min in the dark at 4 °C. Afterwards, the cells were washed once with PBS with 1% Fetal Calf Serum (FCS), resuspended in 500 μL of PBS and immediately analyzed. All the analyses were performed using an LSR II flow cytometer (BD Biosciences, San Diego, CA, USA), and the data were analyzed with FlowJo software (Tree Star, San Carlos, CA, USA).

Adipogenic and osteogenic differentiation of MSCs
-------------------------------------------------

We differentiated MSCs into the adipogenic and osteogenic lineages following the procedure published by Zhu *et al*^[@bib20]^. Briefly, MSC monolayers were treated with adipogenic medium consisting of α-MEM supplemented with 10% FCS (Invitrogen, Carlsbad, USA), 0.5 μmol/L 3-isobutyl-1-methylxanthine (IBMX), 10^−6^ mol/L dexamethasone and 10 ng/mL insulin (Sigma-Aldrich, St Louis, MO, USA). For osteogenic differentiation, confluent MSC monolayers were treated with osteogenic medium consisting of α-MEM supplemented with 10% FCS, 10 mmol/L β-glycerophosphate, 50 μmol/L ascorbate-2-phosphate, and 10^−7^ mol/L dexamethasone (Sigma-Aldrich, St Louis, MO, USA). Osteoblastogenesis was assessed by *in situ* Alizarin Red S and von Kossa staining as described previously after 4 weeks of induction. Successful adipogenic differentiation of MSCs was determined by Oil Red O staining. Photomicrographs were taken with an inverted microscope (Olympus CK2, Tokyo, Japan) and a digital camera (Nikon Coolpix 4500, Tokyo, Japan).

IL-37b gene transfer into MSCs
------------------------------

We previously constructed Ad-IL-37b (an adenovirus vector expressing IL-37b) and Ad-eGFP (control adenovirus)^[@bib21]^. Cultured MSCs were transduced with Ad-IL37b or Ad-eGFP at a multiplicity of infection of 200 in α-MEM media (without FCS) for 2 h. Then, the virus-containing media was replaced with complete media, and the MSCs were cultured for 48 to 72 h. Transfection efficiency was detected by flow cytometry. MSCs infected with Ad-IL37b or Ad-eGFP were named MSC-IL37b and MSC-eGFP, respectively.

Real-time PCR (RT-PCR)
----------------------

Total tissue or cellular RNA from different samples was extracted with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and RT-PCR was performed with Fast SYBR Green Master Mix (Applied Biosystems, Beijing, China). The primer pairs are listed in [Table 1](#tbl1){ref-type="table"}.

Western blot
------------

To detect the expression of IL-37b in MSC-IL-37b, cell lysates were boiled in sample-loading buffer, resolved in 4%--15% polyacrylamide gels and transferred to nitrocellulose membranes. The following antibodies were used: mouse anti-β actin monoclonal antibody (1:2000 dilution; Sigma-Aldrich, St Louis, MO, USA) and rabbit anti-IL-37 polyclonal antibody (1:500 dilution). Primary antibodies were detected using horseradish peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Dallas, TX, USA). Immunoreactive bands were detected via a chemiluminescent reaction (ECL kit, Amersham Pharmacia, Piscataway, NJ, USA).

Enzyme-linked immunosorbent assay (ELISA)
-----------------------------------------

To detect IL-37b activity, MSC-IL-37b supernatants were harvested 48 or 72 h after virus transfection. An ELISA was performed according to the manufacturer\'s instruction to measure IL-37b levels (R&D Systems, Minneapolis, MN, USA).

Induction of colitis and study design
-------------------------------------

C57BL/6 mice (7--8 weeks old) were purchased from the Institute of Hematology, Chinese Academy of Medical Sciences (Tianjin, China). All the animals were housed in specific pathogen-free facilities and supplied with drinking water and food *ad libitum*. All the animal experiments were conducted according to the Principles of Laboratory Animal Care (NIH publication N[o]{.ul} 86--23, revised 1985) and the guidelines of the Animal Care and User Committee at the Institute of Hematology, Chinese Academy of Medical Sciences. For DSS-induced colitis, female C57BL/6 mice (18--20 g) were supplied with drinking water supplemented with 3% (*w/v*) DSS for 8 d. The induction of colitis was determined by weight loss, fecal blood, and colon length (upon autopsy)^[@bib22]^. On d 0, mice were injected intraperitoneally with 0.5×10^6^ MSCs diluted in 200 μL of PBS or with PBS alone. All the mice were euthanized on d 10 after the start of the experiment.

Histological inflammatory scores of the mouse colon
---------------------------------------------------

At autopsy, the colon length was measured, and a 0.5-cm section of the colon was fixed in 10% formaldehyde-saline. Histology scoring of H&E-stained sections was performed in a blinded fashion according to a previously published scoring system^[@bib23]^: cell infiltration: 0, occasional inflammatory cells in the LP; 1, increased infiltrate in the LP, predominantly at the base of the crypts; 2, inflammatory infiltrate extending into the mucosa; 3, transmural extension of the infiltrate; and tissue damage: 0, no mucosal damage; 1, partial (up to 50%) loss of crypts in large areas; 2, partial to total (50%--100%) loss of crypts in large areas with an intact epithelium; 3, total loss of crypts in large areas and of the epithelium. Finally, a combined score of inflammatory cell infiltration and tissue damage was calculated.

Statistical analysis
--------------------

All the statistical tests were performed using GraphPad Prism software. Unpaired Student\'s *t*-tests were used to evaluate the differences in mean values between two groups. We used one-way ANOVA with Tukey\'s *post hoc* testing to compare more than two groups. Survival rates were analyzed using the log-rank (Mantel-Cox) test. Differences were considered to be significant when *P*\<0.05. The data are presented as the mean±SEM.

Results
=======

Expression of IL-37 and IL-18 in UC mucosa
------------------------------------------

Because the primers targeted a common IL-37 exon (exon 5) and the immunohistochemical staining with the polyclonal IL-37 antibody did not discriminate the isoforms, the general expression of IL-37 was evaluated in the inflamed mucosa of patients with active UC. As shown in [Figure 1A](#fig1){ref-type="fig"}, IL-37 mRNA expression was significantly elevated in the samples from the patients with active UC. IL-37 immunoreactivity was low in the normal mucosa ([Figure 1B](#fig1){ref-type="fig"}). In contrast, IL-37 immunoreactivity was dramatically increased in patients with active UC, mainly in the epithelial cells and infiltrating immune cells in the lamina propria. Furthermore, the protein expression of IL-37 increased in proportion to the severity of inflammation in the active UC tissues ([Figure 1B](#fig1){ref-type="fig"}). However, in affected tissues with florid acute grade IV inflammation, the epithelial cell damage, immune cell necrosis and formation of granulation tissues may have caused the decrease in IL-37 immunohistochemical staining.

As shown in [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}, IL-18 immunoreactivity was not detected in normal mucosa. In contrast, IL-18 immunoreactivity was clearly detected in active UC patients, especially at the early stage of inflammation. Furthermore, the protein expression of IL-18 was negatively associated with that of IL-37. However, IL-18 staining increased in colon tissues with grade IV inflammation, which might be due to the presence of fibroblasts in the granulation tissue; fibroblasts are an important source of IL-18.

IL-37b production by MSCs transduced with Ad-IL-37b
---------------------------------------------------

At passage 3 or 5, cultured MSCs were positive for CD29, CD44 and Sca-1 but were negative for CD45 and CD31 ([Supplementary Figure 2A](#sup1){ref-type="supplementary-material"}). These cells were identified as MSCs by their capacity to differentiate into the osteogenic and adipogenic lineages ([Supplementary Figure 2B](#sup1){ref-type="supplementary-material"}). The transfer of Ad-IL-37b into MSCs was evaluated by fluorescence microscopy and flow cytometry; the transfection efficiency reached 85.9% ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). IL-37b expression in MSC-IL-37b cells was confirmed by RT-PCR and western blot ([Figure 2A](#fig2){ref-type="fig"}, [2B](#fig2){ref-type="fig"}). MSC-IL-37b cells secreted detectable amounts of IL-37b (12.00±1.02 ng/mL) into the supernatant ([Figure 2C](#fig2){ref-type="fig"}).

IL-18Rα mRNA levels in Tregs and MDSCs
--------------------------------------

IL-18Rα is a major component of the IL-37 receptor complex. To investigate whether IL-37b exerts direct effects on Tregs and MDSCs, IL-18Rα expression in these cells was detected by RT-PCR. The relative IL-18Rα mRNA expression in Tregs (1.89±0.30) and MDSCs (1.13±0.21) was far lower than that in CD4^+^CD25^−^ T cells (34.57±4.30), which are IL-18 effector cells ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}).

Therapeutic efficacy in DSS-induced colitis
-------------------------------------------

Body weight change was determined as a therapeutic index. The body weight of mice that received only water remained stable during the 10-d period. On d 10, MSC-IL-37b-treated mice had lost approximately 10% less weight than PBS-treated mice (83.74%±2.01% *vs* 73.85%±2.18%, *P*\<0.01), but no significant differences were observed between PBS-treated mice and MSC- or MSC-eGFP-treated mice ([Figure 3A](#fig3){ref-type="fig"}). When we checked the mice every day, stool was not always visible near the anus of each mouse, especially at the advanced stage of colitis. Therefore, the disease activity index (DAI), which includes the stool state as an important grading criteria, could not be determined. Upon euthanizing the mice on d 10, the colons were assessed for the presence of loose stool, bleeding, and macroscopic inflammation. Bleeding could be observed in the colon of PBS-treated mice, and loose stools were observed in the MSC-, MSC-eGFP-, and MSC-IL-37b-treated mice ([Figure 3B](#fig3){ref-type="fig"}). To assess colonic inflammation, the colon length of all the surviving mice was determined on d 10. The average colon length of the MSC-IL-37b-treated mice (5.73±0.17 cm) was significantly longer than that of the PBS-treated (4.38±0.23 cm, *P*\<0.01), MSC-treated (5.12±0.11 cm, *P*\<0.05) or MSC-eGFP-treated (4.98±0.13 cm, *P*\<0.01) mice. Notably, the colon length of the MSC- and MSC-eGFP-treated mice was significantly longer than that of the PBS-treated mice ([Figure 3C](#fig3){ref-type="fig"}). MSC-IL-37b-treated mice (2.90±0.24) had significantly lower histological scores than the PBS-treated (5.0±0.4, *P*\<0.01), MSC-treated (3.90±0.33, *P*\<0.05) or MSC-eGFP-treated (4.20±0.37, *P*\<0.05) mice. The histological scores of the MSC-treated mice were significantly lower than those of the PBS-treated mice (*P*\<0.05), but there was no significant difference between the MSC-eGFP and PBS groups ([Figure 3D](#fig3){ref-type="fig"}, [3E](#fig3){ref-type="fig"}). During the 10-d period, no mice died in the MSC-IL-37b, MSC-eGFP, and MSC groups. However, 2 out of 6 mice (33.3%) usually died in the PBS-treated group by the end of the experiment (data not shown).

Proportion of Tregs in mouse splenic CD4^+^ T cells
---------------------------------------------------

On d 10, the mice were killed, and the percentage of Tregs among mouse splenic CD4^+^ T cells was determined by flow cytometry. As shown in [Figure 4](#fig4){ref-type="fig"}, the percentage of Tregs in the MSC-IL-37b-treated mice (18.95%±0.99%) was significantly higher than that in the MSC-eGFP-treated (12.53%±0.70%, *P*\<0.01), MSC-treated (13.89%±0.77%, *P*\<0.01), or PBS-treated (10.10%±0.84%, *P*\<0.01) mice. A significant difference was also observed between the MSC-treated mice and the PBS-treated mice (*P*\<0.05). However, no significant differences were noted between the PBS-treated and the MSC-eGFP-treated mice.

Proportion of MDSCs in mouse total splenic mononuclear cells
------------------------------------------------------------

The percentage of MDSCs among mouse total splenic mononuclear cells was analyzed by flow cytometry on d 10. As shown in [Figure 5](#fig5){ref-type="fig"}, the percentage of MDSCs was significantly higher in the MSC-IL-37b-treated mice (4.85%±0.57%) compared with the PBS-treated (2.11%±0.54%, *P*\<0.01) or MSC-eGFP-treated (2.53%±0.30%, *P*\<0.05) mice but not the MSC-treated(3.79%±0.47%, *P*\>0.05) mice. No significant differences were noted between the PBS-treated mice and the MSC- or MSC-eGFP-treated mice.

Intracellular cytokine staining
-------------------------------

Based on the intracellular expression of IL-2, the percentage of IL-2^+^ cells among splenic CD4^+^ T cells was significantly higher in the MSC-IL-37b-treated mice (9.59%±0.63%) compared with the MSC-eGFP-treated (6.27%±0.41%, *P*\<0.01) and PBS-treated (4.59%±0.58%, *P*\<0.001) mice but not with the MSC-treated mice (7.25%±0.68%). A significant difference was observed between the MSC-treated mice and the PBS-treated mice (*P*\<0.05). However, no significant differences were noted between the PBS- and MSC-eGFP-treated mice. IL-4 expression was not detected in splenic CD4^+^ T cells in each group ([Figure 6A--6C](#fig6){ref-type="fig"}). The percentage of IFN-γ^+^ cells among splenic CD4^+^ T cells was significant lower in MSC-IL-37b-treated mice (3.33%±0.66%) compared with MSC-eGFP-treated (7.17%±0.81%, *P*\<0.05) or PBS-treated (10.71%±0.89%, *P*\<0.001) mice but not with MSC-treated mice (5.65%±0.58%). The expression of IFN-γ within splenic CD4^+^ T cells was also significantly reduced in MSC-treated and MSC-eGFP-treated mice compared with PBS-treated mice (*P*\<0.01 and *P*\<0.05, respectively). However, the expression of IL-17 within splenic CD4^+^ T cells was not notably different among the animals in each group ([Figure 6B--6D](#fig6){ref-type="fig"}). The intracellular expression of IFN-γ in splenic CD8^+^ T cells was also repressed in MSC-IL-37b-, MSC-, or MSC-eGFP-treated mice compared with PBS-treated mice, which is similar to what was observed for splenic CD4^+^ T cells (data not shown).

Discussion
----------

A recent clinical study reported that the protein levels of IL-37 were decreased in serum but increased in inflammatory colon tissue from IBD patients compared with healthy subjects, suggesting that IL-37 in the serum was consumed by the affected tissues to counteract mucosal inflammation in IBD^[@bib19]^. We showed that IL-37 expression was rarely detected in normal colon tissues but gradually increased with the severity of colon inflammation, further supporting the notion that IL-37 mediates a negative feedback mechanism to curb excessive inflammation. Moreover, we demonstrated that IL-18 expression negatively correlated with IL-37 expression in UC-affected colon tissues, suggesting that IL-37 might exert anti-inflammatory activity by suppressing IL-18 in addition to downregulating pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α^[@bib10]^.

MSCs infused either intravenously or intraperitoneally can improve experimental colitis^[@bib7]^. In addition, they are ideal carriers for efficiently delivering exogenous genes because they migrate to the damaged organ with the genes, therefore achieving better therapeutic efficacy. For example, MSCs modified with the IL-10 or Kallikrein gene produced better improvements than MSCs alone in arthritis, lung ischemia--reperfusion injury, and nephritis^[@bib24],[@bib25],[@bib26]^.

In the present study, we utilized IL-37b gene modified mouse bone marrow MSCs (MSC-IL-37b) to treat DSS-induced experimental colitis and to determine whether IL-37b could enhance MSC therapy. After confirming the secretion of IL-37b by MSC-IL-37b, we administered MSC-IL-37b via intraperitoneal injection because data suggest that more MSCs may be capable of migrating into damaged tissues^[@bib27]^. However, using immunofluorescence, we failed to detect the MSCs transduced with Ad-eGFP or Ad-IL-37b (data not shown), perhaps due to the loss of MSCs (the cells possibly died) or the degradation of GFP protein during the long interval of 10 d between cell injection and tissue harvest.

Our study demonstrated that MSC-IL-37b has greater therapeutic efficacy in DSS-induced colitis compared with MSC-eGFP and MSCs, suggesting that IL-37b gene modification can augment the therapeutic efficacy of MSCs. Although it has been reported that adenoviral modification of MSCs does not substantially affect the immunological properties of MSCs^[@bib28]^, the efficacy of MSC-eGFP was diminished (although not significantly) compared with unmodified MSCs, indicating the cellular cytotoxicity of the transduced virus.

CD4^+^CD25^+^Foxp3^+^ Tregs play a pivotal role in limiting inflammatory diseases, including IBD, mainly by producing inhibitory cytokines and inhibiting dendritic cell (DC) maturation or function^[@bib29]^. The percentage of Tregs among splenic CD4^+^ T cells from the MSC-IL-37b-treated mice was much higher than that from MSC-eGFP-, MSCs-, or PBS-treated mice, suggesting that IL-37b helps ameliorate DSS-induced colitis by upregulating Tregs. IL-37b might induce Tregs via DCs because IL-37b-expressing DCs exhibit enhanced induction of Tregs and display cytokine profiles that favor Treg generation^[@bib12]^. In addition, the finding that the frequency of Tregs was higher in MSC-treated mice compared with PBS-treated mice indicates that Tregs can be induced by MSCs, which is consistent with a previous report^[@bib5]^.

CD11b^+^Gr-1^+^ MDSCs have emerged as novel key regulatory players in the contexts of tumor growth, inflammation, transplantation and autoimmunity by suppressing T cell responses. Moreover, the ability of MDSCs to promote the *de novo* development of Tregs *in vivo* has also been described^[@bib30]^. It was reported that MDSCs were upregulated in the spleen of mice with colitis and that the adoptive transfer of MDSCs decreased intestinal inflammation and the levels of IFN-γ, IL-17, and TNF compared with controls^[@bib31]^. Although the percentage of MDSCs among total splenic mononuclear cells was not significantly increased in the MSC-IL-37b-treated mice compared with the MSC-treated mice, this percentage was significantly increased compared with the MSC-eGFP- and PBS-treated mice, suggesting that the upregulation of MDSCs might be another way (but perhaps not the prominent way) for IL-37b to suppress inflammatory responses.

It has recently been reported that in addition to a nuclear function, IL-37b acts as an extracellular cytokine by binding to its receptor complex, IL-1R8--IL-18Rα, to activate a multifaceted intracellular anti-inflammatory program^[@bib32],[@bib33]^. The mRNA expression of IL-18Rα was quite low in Tregs and MDSCs compared with CD4^+^CD25^−^ T cells, suggesting that IL-37b may primarily indirectly, not directly, promote the differentiation of Tregs and MDSCs.

IL-2 is critical for the maintenance of Tregs in the periphery, and neutralization of IL-2 results in autoimmunity^[@bib4]^. Therefore, in this study, the elevated expression of IL-2 in CD4^+^ T cells in the spleen might boost the differentiation of Tregs. The dominant IFN-γ function in the immune system is to activate macrophages for enhanced effector function. IFN-γ expression was suppressed in CD4^+^ or CD8^+^ T cells from the MSC-IL37b-treated mice, suggesting that the inhibition of IFN-γ production might be involved in the anti-inflammatory effect of IL-37b.

How could IL-37b affect the differentiation of Tregs and MDSCs or the expression of cytokines in the spleen of the colitis mouse model? Firstly, during the progression of DSS-induced colitis, naïve CD4^+^ T or myeloid cells in the inflamed colon could be activated by inflammatory mediators and migrate to the spleen, where the maturation of functional cells occurs. Secondly, the inflammatory mediators released from the inflamed colon could travel to the bone marrow and mobilize myeloid cells to the spleen, where MDSCs are induced. Thirdly, the inflammatory mediators could go directly to the spleen and promote the differentiation of Tregs and MDSCs or affect the expression of cytokines. After the injection of MSC-IL-37b into the murine DSS-induced colitis model, the cells that survived could secrete IL-37b, which would circulate to the spleen and affect the differentiation of Tregs and MDSCs or cytokine production. Afterwards, functional Tregs, MDSCs and other immune cells would circulate through the blood stream to the inflamed colon to exert immunosuppressive activity; this process is called lymphocyte recirculation^[@bib34]^. The above hypothesis of how IL-37b affects immune responses is summarized in a schematic ([Figure 7](#fig7){ref-type="fig"}). Notably, IL-37b protein was not detected in the serum of colitis model mice by ELISA upon euthanasia on d 10, possibly due to the consumption of IL-37b by CD4^+^ T cells or myeloid cells during Treg and MDSC differentiation. However, in addition to differentiation, abnormal emigration from bone marrow or lymph nodes could also affect the number of splenic Tregs and MDSCs during the development of colitis.

There are some limitations to this study. One, if another colitis model (for instance, TNBS-induced colitis) had been utilized in this study, the efficacy of IL-37b would have been further validated. Two, the frequencies of Tregs and MDSCs and the intracellular expression of inflammatory mediators in the inflamed colon and lymph nodes was not analyzed by flow cytometry due to the technical barriers of extracting mononuclear cells. Three, the DAI of the colitis model was not determined because of the difficulties in obtaining stool from some of the mice, especially at the advanced stages of colitis. Four, the effects of recombinant IL-37b on DSS-induced colitis were not explored.

In conclusion, we demonstrate that IL-37b gene transfer via an adenovirus expression vector improves the inhibitory effects of MSCs on experimental DSS-induced colitis not only by regulating cytokine production but also by inducing Tregs and MDSCs. Considering that MSCs alone showed anti-inflammatory activity, albeit less potent activity than MSC-IL-37b, the anti-colitis effect in MSC-IL-37b-treated mice appears to have been caused by the cumulative action of MSCs and secreted IL-37b. Therefore, our study provides a novel approach to enhancing MSC therapy for IBD.
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![Increased IL-37 expression in UC mucosa. (A) Total RNA was extracted from biopsy samples from 6 normal controls and 9 active UC patients, and IL-37 mRNA expression was evaluated by RT-PCR. The IL-37 RT-PCR data were normalized to human GAPDH. (B) Immunohistochemical analyses of IL-37 expression in human colon tissue. "Normal" indicates no visible inflammation. "I, II, III and IV" represent the 4 different degrees of colon inflammation; "I" designates the least inflammation, and "IV" indicates the most severe inflammation. Scale bars: 100 μm. Mean±SEM. *n*=3. ^*b*^*P*\<0.05.](aps201551f1){#fig1}

![IL-37b expression was confirmed in Ad-IL-37b-transduced MSCs. (A) IL-37b mRNA expression was evaluated by RT-PCR 48 and 72 h after Ad-IL-37b transfection of MSC. The IL-37b RT-PCR data were normalized to mouse GAPDH. (B) Western blotting analysis of IL-37b in MSC-IL-37b 48 and 72 h after Ad-IL-37b transfection. (C) IL-37b protein in the culture supernatant of MSC-IL37b was detected by ELISA. mean±SEM. *n*=3. ^b^*P*\<0.05.](aps201551f2){#fig2}

![MSC-IL-37b prevented disease progression in DSS-induced colitis. Mice received 3% DSS dissolved in drinking water for 8 d. On d 0, mice were injected with mouse MSCs, MSC-eGFP, MSC-IL37b or phosphate-buffered saline (PBS). Clinical evolution was monitored by body weight change and macroscopic and microscopic scores. All the mice were euthanized on d 10. (A) Body weight change during the course of the experiment. Body weight change is expressed as a percentage of the initial body weight on d 0. (B) Macroscopic images of representative mouse colons harvested on d 10. (C) Assessment of colon length upon euthanasia on d 10 as an index of disease-related intestinal wall thickening. (D) Histological evidence that MSC-IL-37b prevents DSS-induced pathology. Photomicrographs of an H&E-stained paraffin section of a representative mouse colon from each treatment group. (E) Histology scores were derived from microscopic analyses of colon cross sections from each mouse. Scale bar: 500 μm. The data are presented as the mean±SEM (*n*=6 mice per group). ^a^*P*\>0.05, ^b^*P*\<0.05, ^c^*P*\<0.01. The data are representative of three independent experiments.](aps201551f3){#fig3}

![Treatment with MSCs, MSC-eGFP, or MSC-IL-37b induced splenic Tregs in mice with DSS-induced colitis. On d 10 after DSS administration, mice in each group were euthanized for analysis of splenic Tregs. Splenic cells were analyzed for CD4, CD8, and CD25 surface marker expression and Foxp3 intracellular expression by flow cytometry. (A) Dot plots of Tregs. (B) Summarized results of the percentages of Tregs. The data are presented as the mean±SEM (*n*=6 mice per group). ^a^*P*\>0.05, ^b^*P*\<0.05, ^c^*P*\<0.01. The data are representative of three independent experiments.](aps201551f4){#fig4}

![Treatment with MSC-IL-37b induced splenic MDSCs in mice with DSS-induced colitis. On d 10 after DSS administration, the mice in each group were euthanized to analyze splenic MDSCs. Splenic cells were stained for the CD11b and Gr-1 surface markers and analyzed by flow cytometry. (A) Dot plots of MDSCs. (B) Calculated results of the percentages of MDSCs. The data are presented as the mean±SEM (*n*=6 mice per group). ^a^*P*\>0.05, ^b^*P*\<0.05, ^c^*P*\<0.01. The data are representative of three independent experiments.](aps201551f5){#fig5}

![MSC-IL-37b induced IL-2 expression but repressed IFN-γ expression in splenic CD4^+^ T cells in mice with DSS-induced colitis. On d 10 after DSS administration, mice in each group were euthanized to analyze intracellular cytokine production by splenic CD4^+^ T cells. Splenic cells were analyzed for the expression of the CD4 and CD8 surface markers and the IL-2, IL-4, IL-17, and IFN-γ intracellular markers by flow cytometry. (A) Representative dot plots of IL-2 and IL-4. (B) Representative dot plots of IL-17 and IFN-γ. (C) Frequency of IL-2^+^ cells among splenic CD4^+^ T cells. (D) Frequency of IFN-γ^+^ cells among splenic CD4^+^ T cells. The data are presented as the mean±SEM (*n*=6 mice per group). ^a^*P*\>0.05, ^b^*P*\<0.05, ^c^*P*\<0.01. The data are representative of three independent experiments.](aps201551f6){#fig6}

![IL-37b is proposed to play a supportive role in the differentiation of Tregs/MDSCs in the spleens of mice with DSS-induced colitis. Lymphocytes and myeloid cells originating from the inflamed colon, bone marrow, or spleen are activated by inflammatory mediators during the development of DSS-induced colitis and then begin differentiating into functional cells, such as Tregs and MDSCs. The IL-37b cytokine produced by MSC-IL-37b circulates to the spleen via the blood stream and promotes the differentiation of Tregs and MDSCs. Finally, mature Tregs and MDSCs migrate to the affected colon and exert immunosuppressive activity to limit the harm caused by excessive inflammation.](aps201551f7){#fig7}

###### Sequences of oligonucleotides used as primers.

  Target gene                             Sequence (5′--3′)
  --------------- ----------------------- -------------------------
  mouse GAPDH     Sense                   TGTGTCCGTCGTGGATCTGA
  Antisense       CCTGCTTCACCACCTTCTTGA   
  human GAPDH     Sense                   GAAGGTGAAGGTCGGAGTC
  Antisense       GAAGATGGTGATGGGATTTC    
  human IL-37     Sense                   GGGAGTTTTGTCTCTACTGTGAC
  Antisense       CCCACCTGAGCCCTATAAAAG   
  mouse IL-18Rα   Sense                   GAGTTTGGAGATGAGGGCTAC
  Antisense       ACCTTCTCACACTTTGGTCC    
